Mixing of atoms at the interface was studied for Mn/Fe magnetic hetero-epitaxial layers on Cu(001) by scanning tunneling microscopy/spectroscopy. The formation of a surface alloy was observed when the Mn layer was thinner than 3 atomic layers. From the fourth layer, Fe segregation is suppressed, and a pure Mn surface appears. Accordingly, spectroscopic measurements revealed the electronic difference between the surface alloy and Mn layers. The surface electronic structure of the fourth Mn layer is slightly different from that of the fifth layers, which is attributed to the hybridization of the fourth layer with the underneath Fe-Mn alloy.
2 AFM/FM double-layer system by STM/STS. An fcc Fe thin film on the Cu(001) substrate [15] [16] [17] was selected as the FM layer, and Mn films grown on top of that as the AFM layer. Note that, in the Fe fcc phase, the top two Fe layers couple ferromagnetically, while the details of magnetic structures below the third layer are still under debate [17] [18] [19] [20] .
II. EXPERIMENTAL
All the STM/STS measurements were performed in an ultrahigh vacuum (< 2.0 ×10 −11 Torr) at 80 K using electrochemically-etched W tips. The samples were prepared in a UHV preparation chamber separated from the STM/STS measurement chamber by a gate valve. A clean and flat surface of Cu(001) was prepared by several cycles of Ar + sputtering and subsequent annealing at 720 K. Pure Fe (purity 99.998%) and Mn (purity 99.99%) were deposited at room temperature by molecular beam epitaxy (MBE) with the growth rate of 0.8 monolayer (ML)/min.
Here, ML is defined as the atom density of the clean Cu(001) surface. During the deposition, the base pressure of the preparation chamber was better than 1.0 × 10 −10 Torr. The thickness of the Fe films was fixed to be 8 ML.
To investigate interfacial mixing between Mn and Fe thin films, the surface morphology was characterized by STM and the local electronic structures were investigated by STS. The topographic images were obtained using a constant tunneling current (I T ) mode at constant sample-bias voltages (V S ). The differential conductance of tunneling current, dI/dV , was recorded using a lock-in technique with a modulation voltage of 20 mV and frequency of 733 Hz.
III. RESULTS AND DISCUSSION
Figure 1 in the protrusion area. layers grow in a step-flow and layer-by-layer mode above 3 ML as in the case of the Mn layers on Co films [22] . On the third Mn layer, we find two surface structures. One is the disorder c(4 × 4) structure as shown in Fig. 2(b) , and an atomic image of the the other surface was not obtained. We call this surface, surface A. The dI/dV spectra recorded on third layers are shown in Fig. 2(c) . On the disorder c(4 × 4) area, the spectra with a broad peak structure at −0.2 V is the same as that on the c(4 × 4) area of the first and second layers [see. Fig. 1(c) ]. The spectrum on the surface A has a peak structure at +0.1V with a broad peak structure at −0.2 V. On the forth layer, the latter spectra were observed on most of the surface, and there were very few areas with the c(4 × 4) structure. In Fig. 2(d) the dI/dV map at +0.1 V demonstrates the distribution of the spectra as in Fig. 2(c) . The homogeneous electronic structures of the fourth Mn layer can be seen as a bright contrast in this map, while the bright contrast on the third layer covers The difference in the electronic structures between the fourth and fifth Mn layers is at a glance strange because of their almost identical surface structure. We attribute this to the difference in the underneath layer of the fourth and fifth Mn layers, i.e., the MnFe surface alloy and pure Mn layer (the fourth Mn layer), respectively. The fourth Mn layer hybridizes with underlying MnFe surface alloy which has no characteristic electronic states at +0.1 V [see. Fig 2(b) ]. This could result in the localized electronic structures of the fourth Mn layer around this energy region, and thus stronger peak intensity compared to the fifth Mn layer [23] . We also notice that the 1 ML height between the fifth and sixth Mn layer is slightly different. Mn film on Co/Cu(001) system [24, 25] . The maximum layer expansion was observed at the surface of the fifth layer.
IV. CONCLUSIONS
In summary, we have investigated the interfacial structural and electronic properties of the Mn/Fe multilayers on Cu(001) in terms of intermixing with STM/STS. We observe the formation of the surface alloy up to 3 ML Mn. The composition of Fe atoms was found to decrease with increasing the number of Mn layers increases, which results in the presence of two types of the MnFe surface alloys. From the fourth layer, the segregation of Fe atoms is suppressed and the pure Mn layer is formed. However, because of the hybridization with underneath MnFe surface alloy, we find 7 that the electronic structures of the fourth layer are deviated from those of the fifth layer. We conclude from the evaluation of the 1 ML step height at each Mn layer that the growth of the pure Mn layer with the fct structure is promoted from the fifth layer. The present results demonstrate that the overall influence of the interfacial intermixing on the structural and electronic properties of magnetic multilayer systems can be clarified by in-depth STM/STS work.
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